The growth of rickettsiae in tissue culture cells has provided a simplified technique for studying the physiological and morphological properties of intracellular rickettsiae and the effects of rickettsial multiplication on the living host cell. Early workers in this field were Nigg and Landsteiner (1932) and Pinkerton and Haas (1931, 1932a, b) who studied Rickettsia prowazekii in minced guinea pig tunica and cultures of scrotal sac exudate, respectively. Pinkerton and Haas (1932c) also observed extensive nuclear invasion of the spotted fever rickettsia in tissue culture cells.
The growth of rickettsiae in tissue culture cells has provided a simplified technique for studying the physiological and morphological properties of intracellular rickettsiae and the effects of rickettsial multiplication on the living host cell. Early workers in this field were Nigg and Landsteiner (1932) and Haas (1931, 1932a, b) who studied Rickettsia prowazekii in minced guinea pig tunica and cultures of scrotal sac exudate, respectively. Pinkerton and Haas (1932c) also observed extensive nuclear invasion of the spotted fever rickettsia in tissue culture cells.
Q fever rickettsiae were cultivated by l3urnet (1938) in minced tissues obtained from 12-day chick embryos. Two series of cultures were carried concurrently in tissue culture for over 4 months. The first appearance of rickettsiae in the infected cells was 4 days after initial penetration, the organisms being distributed in groups throughout the cytoplasm and eventually promoting degenerative changes in the host cells. Weiss and Pietryk (1956) succeeded in growing the California strain of Coxiella burnetii in monolayer cultures of chick entodermal cells. The rickettsiae could not be observed in the cytoplasm of the cells until the 4th day and did not become numerous until the 5th day of infection. Cell to cell infection apparently occurred, for the infection usually remained confined to a few contiguous cells, forming discrete foci of infection, from which the "focus count" method of titration was developed.
The MB III strain of cells was used by Bozeman et al. (1956) in studying rickettsial growth. Most of the experiments were concentrated on the Karp strain of Rickettsia tsutsugamushi, whereas other rickettsiae such as the Gilliam strain of R. tsutsugamushi, the Breinl strain of R. prowazekii, the Wilmington strain of Rickettsia mooseri, the Bitterroot strain of Rickettsia rickettsii and the Henzerling strain of C. burnetii were also studied. These rickettsiae grew well in the tissue culture cells but differed in the location of their initial infections, R. tsutsugamushi growing in areas adjacent to the nucleus, whereas R. mooseri, R. prowazekii, R. rickettsii, and C. burnetii multiplied in scattered areas throughout the cytoplasm of the cells.
Recent studies on the growth and morphology of rickettsiae in tissue culture have been made by Schaechter et al. (1957) using the 14pf strain of rat fibroblasts. Infected cells of both the eggadapted lines of the Karp strain of R. tsutsugamushi and the B3itterroot strain R. rickettsii were observed using phase microscopy. The size and morphology of the organisms and their mode of escape from the infected cells were described. The division of single cells of R. rickettsii by binary fission was recorded photomicrographically on three separate occasions. Several workers have substantiated the hypothesis that rickettsial organisms divide by transverse fission. Bacot et al. (1921) supported this view using light microscopy techniques as did Wissig and co-workers (1956) who made their observations with the electron microscope.
In the present paper, the multiplication of C. burnetii in the L strain mouse fibroblast provided a highly satisfactory system with which to investigate various aspects of this host-parasite relationship. The effects of rickettsial invasion on the host cells, the minimum time necessary for infection to occur, the extent of rickettsial multiplication in the cells over various periods of incubation, the effects of streptomycin on rickettsial invasion and multiplication, and maintenance of the rickettsiae through numerous transfers in the tissue culture cells were studied. The fluorescent antibody technique was employed to substantiate identity of the organism and to demonstrate the specificity of this system.
MATERIALS AND METHODS
Cell strains. The L strain of mouse fibroblasts used in this work was Sanford et al. (1948) from a culture of malignant mouse fibroblasts. The chick fibroblasts used for several studies were isolated in this laboratory using the technique of Shannon et al. (1952) and maintained in stock cultures.
Stock cultures were grown in Eagle's medium (1955) containing 10 per cent horse serum and 10 per cent Hanks' basic salt solution. Because of possible sensitivity of C. burnetii to streptomycin and penicillin, all stock cultures and cells to be used for rickettsial studies were maintained on antibiotic-free media. The culture tubes and bottles were stoppered with rubber plugs and incubated at 37 C.
The cell medium was renewed every 4 to 5 days and the L cells were divided and transferred by trypsinization once a week. The chick fibroblasts were transferred in the absence of trypsin.
For rickettsial studies the "flying-cover slip" technique was employed. Each tube was planted with 50,000 L cells or chick fibroblasts and fed with 0.9 ml of Eagle's medium. Bottles to be used for the production of stock rickettsial cultures were planted with 500,000 L cells each and received 10 ml of medium. They were then allowed to incubate at 37 C for 6 days until a heavy sheet of cells had formed. At this time the medium was renewed and the rickettsial inoculum was added.
Rickettsiae. An egg-adapted line of the NineMile strain of C. burnetii used in this work was obtained from Dr. David Lackman of the Rocky Moutain Laboratory, Hamilton, Montana. The early studies described in this paper were made on cover slip cultures of L cells inoculated with various dilutions of a semipurified, 20 per cent yolk sac suspension of rickettsiae obtained from infected yolk sac tissue, using the procedure of Wisseman et al. (1951) . Purification of the rickettsial suspension was carried through the celite treatment, after which a 1:10 dilution of the rickettsiae was made in Eagle's medium, to be used as inoculum for the tissue culture cells.
Infection of tissue cultures. Most of the experiments were performed on cover slip cultures of tissue cells which had been allowed to grow for 24 to 48 hr. The tubes were then inoculated with 0.1 ml of rickettsial suspension, stoppered, and incubated at 35 C for various periods of time.
The infected cells were washed free of residual inoculum and new medium was added 30 min to 24 hr after initial contact, depending upon the tests being run.
Examination of infected and normal cultures.
Machiavello's staining procedure modified from the method given by Weiss and Pietryk (1956) was used for both the normal and infected cover slip cultures. After having been fixed in absolute methanol for 5 min, the cover slip cultures were stained in basic fuchsin (0.25 per cent aqueous solution buffered to pH 7.4) for 30 min at 37 C. This was followed by decolorization in 0.25 per cent citric acid for 10 sec, washing in phosphate buffer, pH 7.4, and counterstaining with methylene blue (0.5 per cent in phosphate buffer figure 2 . The smaller vacuoles contained only 2 or 3 organisms, whereas the larger vacuoles, some filling the entire cell, contained uncountable numbers of rickettsiae. As the vacuoles grew in size, the nuclei were pressed and distorted into various 1959] shapes against the cell membranes. Small vacuoles containing few rickettsiae were considered to represent stages of beginning infection. Some heavily infected cells appeared to be bursting, thus releasing the rickettsiae into the medium, as presented in figure 3 . No rickettsiae were noted free in the cytoplasm of the cells and none occurred in the nuclei.
A quantitative comparison of the infected cultures was made over a period of incubation for 12 days at 35 C. Results were enumerated as small vacuoles (containing 2 to 3 organisms), larger vacuoles (filling at least half of the cytoplasm of the cell), and vacuoles which had completely filled the entire cell. These determinations are presented in table 1.
Cover slip cultures of chick fibroblasts were inoculated with the rickettsial suspension using the same procedure as described for the L cells. The rickettsiae were apparent in the cytoplasm of the host cells after 72 hr incubation at 35 C. In some fibroblasts the rickettsiae were retained in vacuoles, and in others the organisms were found free in the cytoplasm, with no vacuoles ap- Tubes containing 0.9 ml of Eagle's medium were each inoculated with 0.1 ml of a 10-2 dilution of the 20 per cent purified yolk sac suspension of rickettsiae. The tubes were then incubated for 0, 3, 4, and 7 day intervals at 35 C. At the end of each of these time intervals, dilutions of 10-4, 10-6, 10-8, and 10-10 were made and inoculated into embryonated eggs, 0.5 ml per egg.
An experiment was performed at the same time ROBERTS AND DOWNS to determine the survival of C. burnetii in L cell debris. Tubes which had been planted with 50,000 L cells each and allowed to incubate for 48 hr at 37 C were heated at 56 C for 30 min. This resulted in the destruction of all the tissue cells. The tubes were then inoculated with rickettsiae and incubated for the various time inter- Since the tests on the survival of C. burnetii in Eagle's medium and L cell debris were performed concurrently, the same 0-hr control was used for both. For this control, 0.2-ml samples were removed from each of 10 tubes containing 0.9 ml of Eagle's medium and 0.1 ml of rickettsial suspension. After pooling the samples, dilutions were made and inoculated into embryonated eggs as explained above.
This investigation demonstrated that the rickettsiae were not capable of multiplying either in the medium or in L cell debris. Although the organisms did not die rapidly in either environment at 35 C, more than a 4 log decrease in the egg LD50 was observed between the 0-hr and the 3-day incubation periods in both tests. The 4 log drop in LD50 observed at the 2-hr interval indicated that many of the rickettsiae which were added to the culture tubes did not succeed in penetrating into the tissue cells. Between the 2 and 24-hr samples, a 1 log increase occurred, whereas between the 24 and 72-hr samples, a further increase of 2 logs was evident. A leveling off in rickettsial multiplication appeared to take place between 72 and 96 hr in the L cell cultures, indicating that the largest yields of rickettsiae could be recovered during this time period.
Minimum time necessary for infection to occur. Prior to this test a contact period of 2 hr between the rickettsiae and host cells was found to provide adequate time for infection to occur. An experiment to determine the minimal time in which the rickettsiae could invade the L cells was set up as follows: cover slip cultures of mouse fibroblasts were inoculated with a 10-2 dilution of a 20 per cent purified yolk sac suspension of rickettsiae.
The tubes were allowed to incubate at 35 C for 30 min, at the end of which time the infective medium was withdrawn, the cells washed 4 times with Hanks' basic salt solution, and new medium was added. The appearance of rickettsiae in the cytoplasm of these cells was compared to cultures of infected fibroblasts which had been allowed 2 hr contact with the rickettsiae before washing.
Using Machiavello's stain, the 30-min and 2-hr cultures were examined for the presence of rickettsiae each day for 7 days. Again, no rickettsiae were discernible in the L cells prior to 72 hr incubation. On the 3rd day both the 30-min test cultures and the 2-hr positive control cultures contained intracellular rickettsiae, with 12 A stock bottle of mouse fibroblasts containing a monolayer of cells was inoculated with 1 ml of a 10-2 dilution of the 20 per cent purified yolk sac suspension. The bottle was incubated for 6 days at 35 C, at the end of which time the contents were ground, using glass tissue grinders, and the L cell debris was removed by centrifugation at 1000 rpm for 15 min in the refrigerated centrifuge. The supernatant fluid was then centrifuged in the cold at 4000 rpm for 2 hr to concentrate the rickettsiae. The packed organisms were resuspended in 10 ml of Eagle's medium, from which 1 ml was withdrawn and added to a second bottle of L cells. This was again incubated for 6 days at 35 C, the cells ground, and the rickettsiae concentrated and inoculated into a third bottle of cells, using the same procedure.
After 7 transfers, a test was made to determine the approximate number of rickettsiae produced per bottle of L cells after 6 days of incubation. A rickettsial suspension was prepared from the infected cells using the procedure given above.
From this, dilutions of 10-2 through 10-'3 were made in Hanks' balanced salts solution. Cover slip cultures of L cells were then inoculated with these preparations to give final dilutions of 10-4, 106, 10-8 10-9, 10-10, 10-12, and 10-14; 25 tubes per dilution. The tubes were incubated at 35 C and several cover slips from each series were stained with Machiavello's stain and examined every 24 hr for intracellular rickettsiae. After incubation for 8 days, the highest dilution to give rise to infection and hence the end point of this titration experiment was 10-9. No intracellular rickettsiae were visible in the cultures receiving the 10-10, 10-12, or 10-14 dilutions of inoculum over the 8-day period of incubation. This gave substantial proof that the rickettsiae were not decreasing in their virulence for the L cells and that the culture bottles were producing large numbers of organisms.
After having been carried through 11 transfers in the tissue cells, the rickettsiae were added to cover slip cultures, giving a final dilution in each tube of 10-3. Using Machiavello's staining technique, intracellular rickettsiae were observed after only 24 hr incubation at 35 C, as compared to 72 hr in the preliminary studies. The cultures demonstrated between 95 and 100 per cent of cells infected after 72 hr incubation. Many of the cells contained rickettsiae free in the cytoplasm and not in well-defined vacuoles. The cytoplasm of the infected cells appeared damaged and showed a large amount of nonspecific vacuolization. No intranuclear rickettsiae were noted, and no changes in the nuclear membrane or in the average number of nucleoli were apparent. However, the chromatin material appeared slightly coarser in the infected cells than in the normal controls.
Fluorescent antibody studies. The fluorescent antibody technique was used to substantiate the presence of C. burnetii in the L cells. After having been carried through 11 transfers in the tissue cells, the rickettsial suspension obtained was added to cover slip cultures of mouse fibroblasts to give a final dilution of 10-3 per tube. The cover slips were then stained with bovine antiserum and examined after various periods of incubation at 35 C. No visible infection was observed after 5 hr incubation, but discrete areas of fluorescence could be seen in approximately 10 per cent of the cells after 21 hr incubation. The per cent of cells infected increased in from 21 to 72 hr, at which time between 95 and 100 per cent of the fibroblasts contained rickettsiae. The number of individual foci of rickettsiae in the cytoplasm of a cell varied from 1 to more than 10, each representing 1 or more organisms, as shown in figure   4 . No rickettsiae were seen in the nuclei of the cells, but were visible in the cytoplasm directly adjacent to the nuclei.
DISCUSSION
In the preliminary experiments, the infection of the L strain mouse fibroblasts with C. burnetii was produced by the addition of a 10-2 dilution of the 20 per cent semipurified yolk sac rickettsial suspension to the tissue cells. Using Machiavello's staining technique, intracellular rickettsiae were visible after 72 hr incubation at 35 C. Infection appeared to begin as a small, well-defined vacuole containing 2 or 3 rickettsiae which gradually increased in size as the organisms multiplied within 1959] it. Often a single infected cell was seen to contain as many as 4 to 6 of these small vacuoles. As the numbers of rickettsiae increased, the vacuoles coalesced and expanded until the cytoplasm of the entire cell was replaced by a vacuole and the nuclei were pressed into distorted shapes against the cell membrane.
The appearance of the rickettsiae in well-defined vacuolated areas in the L cells differed from their appearance in infected chick fibroblasts, which were also quite susceptible to the invasion of C. burnetii. The rickettsiae were seen 72 hr after initial contact with the host cells and appeared free in the cytoplasm, as well as in poorly defined vacuoles. This was comparable to the results of Weiss and Pietryk (1956) , who found that C. burnetii invaded the chick entodermal cells and produced apparent infection after incubation for 4 days, at which time the rickettsiae appeared in ill-defined vacuolated areas in the cytoplasm of the cells. In this cell, the vacuoles also gradually coalesced to form one large vacuole, replacing the cytoplasm of the cell and containing large numbers of rickettsiae. In contrast to the L cell, the nuclei of the infected chick entodermal cells decreased in size, eventually became pyknotic and disappeared.
The appearance of C. burnetii in the L cells as observed in the early tests also differed from the appearance of other rickettsiae in tissue culture cells. Using the M\B III strain of cells, Bozeman and co-workers (1956) found that R. tsutsugamushi grew in an area adjacent to the nucleus, whereas R. mooseri, R. prowazekii, C. burnetii, and R. rickettsii usually formed scattered areas of growth throughout the cytoplasm. Schaechter et al. (1957) It has been indicated by the studies made that the infectivity of C. burnetii for the L cell is a very delicate mechanism for the detection of the presence of these organisms. A 10-12 dilution of the 20 per cent purified yolk sac rickettsial suspension produced visible infection of the fibroblasts within 72 hr incubation. The per cent of cells infected decreased as the dilutions became higher, suggesting that an end point could be obtained and that this tissue culture system might be used for the titration of suspensions of C. burnetii.
When the mouse fibroblasts were infected with a 10-3 dilution of the purified rickettsial suspension, a relatively large percentage of cells were initially attacked, whereas, with the higher dilutions, 10-10 to 10-12, a small percentage of cells were infected. Incubation brought a rapid rise in the per cent of cells infected with the higher dilutions. The per cent of infected cells in the 10-10 and 10-12 dilution cultures, increased from 5 and 2 per cent on the 3rd day to 41 and 40 per cent, respectively, by the 9th day of incubation. This was good evidence that cell to cell infection was occurring, the rickettsiae being released into the medium by the bursting of heavily infected cells. Such bursting cells were often observed in the M\Iachiavello stained cultures. A concentration of 0.5 mg per ml of streptomycin, if added to the tissue cultures prior to or at the same time as the rickettsial inoculum, prevented the organisms from penetrating and infecting the L cells. However, if rickettsial infection had already been established, the addition of this concentration of streptomycin had no effect on the infected cells, but cell to cell spread was prevented. This was the same concentration of streptomycin used by Rozin (1955) , who demonstrated that embryonated eggs infected with C. burnetii and given 0.5 mg per ml of streptomycin would survive up to the day of hatching, although rickettsiae could still be observed in yolk stalk smears.
Heavily infected L cells and chick fibroblasts were successfully transferred from one glass surface to another. These cells could be shown to contain large numbers of rickettsiae 4 to 6 hr after the transfer was made, in this way behaving as would a normal tissue cell. This raises the question as to how extensive were the changes taking place in an infected cell, and how great was the damage brought about by rickettsial multiplication up to the bursting stage.
C. burnetii has been successfully maintained through 12 passages in the L cells to date. Machiavello stained cultures indicated that the organisms were becoming more adapted to this tissue culture system. Intracellular rickettsiae were observed after only 24 hr incubation at 35 C, as compared to 72 hr in the earlier studies. Stained cultures which had been inoculated with a 10-3 dilution of the infected cell contents revealed 95 to 100 per cent of cells infected after 72 hr incubation, proving that no decrease in the number of rickettsiae produced per bottle of L cells was obtained. Many cells contained rickettsiae free in the cytoplasm combined with much ill-defined vacuolization, thus showing injury to the cytoplasm of the cells. The infected cultures were compared to normal L cells using both the MayGrunwald-Giemsa stain and Machiavello stain.
The greatest changes produced by rickettsial invasion were found in the cytoplasm of the cells. The cytoplasm of normal cells stained delicately, with little internal structure evident. Very few vacuoles were observed in normal cells as compared to the extensive vacuolization present in infected cells. No change was observed in the nuclear membrane, but the chromatin material appeared slightly coarser in infected cells. The nuclei of both infected and normal cells contained 2 to 4 nucleoli that appeared normal. A greater number of giant cells containing 4 to 6 nuclei were found in the infected cultures. A large number of infected L cells became rounded and stained darkly, this also indicating damage of the cell.
Fluorescent antibody studies of L cells inoculated with rickettsiae which had been maintained through 11 transfers in the mouse fibroblasts revealed the organisms free and in clusters in the cytoplasm of the cells. No intranuclear invasion was noted, but many infected cells contained rickettsiae in the cytoplasm directly adjacent to the nuclei. Using this method, rickettsiae could be detected after only 21 hr incubation. At this time approximately 10 per cent of the cells were visibly infected. Earlier detection of intracellular rickettsiae might be possible, and perhaps this fluorescent technique could be used to determine the number of rickettsiae that initially invade and infect an L cell.
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SUMMARY
The L strain mouse fibroblast and chick fibroblast were shown to be susceptible to infection with Coxiella burnetii. Intracellular rickettsiae were first observed 72 hr after initial contact, appearing in well-defined cytoplasmic vacuoles in the L cells.
No rickettsial multiplication was shown in cellfree Eagle's medium or in L cell debris. Multiplication of C. burnetii in L cells was demonstrated by the 3 log increase in egg LD50 which occurred between 2 and 72 hr incubation. It was also shown that the rickettsiae could invade and infect the mouse fibroblasts within a 30-min contact period.
A concentration of 0.5 mg per ml of streptomycin prevented both rickettsial penetration into the L cells and cell to cell spread, whereas a concentration of 0.1 mg per ml was only slightly in- Heavily infected L cells and chick fibroblasts were successfully transferred from one glass surface to another.
C. burnetii has been maintained through 12 transfers in the L cells to date, with no apparent decrease occurring in the number of rickettsiae produced per bottle of cells.
Fluorescent antibody studies revealed the presence of intracellular rickettsiae only 21 hr after initial invasion. No intranuclear infection was noted.
